Background: Quasifission, a fission-like reaction outcome in which no compound nucleus forms, is an important competitor to fusion in reactions leading to superheavy elements. The precise mechanisms driving the competition between quasifission and fusion are not well understood. Purpose: To understand the influence reaction parameters have on quasifission probabilities, an investigation into the evolution of quasifission signatures as a function of entrance channel parameters is required. Methods: Using the Australian National University's (ANU) CUBE detector for two-body fission studies, measurements were made for a wide range of reactions forming isotopes of curium. Important quasifission signatures-namely, mass-ratio spectra, mass-angle distributions, and angular anisotropies-were extracted. Results: Evidence of quasifission was observed in all reactions, even for those using the lightest projectile ( 12 C + 232 Th). But the observables showing evidence of quasifission were not the same for all reactions. In all cases, mass distributions provided some evidence of the possible presence of quasifission but were not sufficient in most cases to clearly identify reactions for which quasifission was important. For reactions using light projectiles ( 12 C, 28,30 Si, 32 S), experimental angular anisotropies provided the clearest signature of quasifission. For reactions using heavier projectiles ( 48 Ti, 64 Ni), the presence of mass-angle correlations in the mass-angle distributions provided strong evidence of quasifission and also provided information about quasifission timescales.
I. INTRODUCTION
The "island of stability" is an area of the nuclear chart thought to contain long-lived superheavy elements due to predicted shell closures near proton number 114 and neutron number 184 [1] . This island-or more particularly, the superheavy elements it includes-has been an ongoing quest in the field of nuclear physics since the 1960s [1] [2] [3] . The boundaries of the island, and the properties of the isotopes it contains, provide extremely sensitive tests of our understanding of nuclear shell structure. To date, superheavy elements up to Z = 118 have successfully been made using either "cold" [3, 4] or "hot" fusion [5] . But forming each new superheavy element has been a significant experimental challenge and has only allowed access to the neutron-poor side of the island. With cross sections on the order of picobarns [3, 4, 6, 7] and the need for increasingly neutron-rich beams, only a new level of understanding of nuclear reactions will allow us to map out possibilities for exploring deeper within the island's boundaries.
In reactions between heavy nuclei, capture is the first step towards nuclear fusion. In capture, the system loses its relative kinetic energy and may be trapped within the pocket in the entrance-channel potential. It then undergoes shape evolution, in which the dinuclear system may evolve towards a mononuclear shape. At this point, the system can follow two paths: (1) form a compact compound nucleus, and therefore fuse, or (2) split apart again before reaching a compact equilibrium shape. This second process is known as quasifission and is the most important competitor to fusion in reactions capable of forming superheavy elements.
The suppression of compound-nucleus formation due to quasifission has several consequences. Reactions dominated by quasifission occur faster (by as much as four orders of magnitude) than those dominated by fusion-fission [8, 9] and can be strongly influenced by entrance channel variables [8, [10] [11] [12] . Quasifission outcomes have also been associated with a reduction in evaporation residue cross sections [13] . Nevertheless, an understanding of how all signatures of quasifission evolve as a function of reaction timescales is not yet clear.
Quasifission is difficult to study from an experimental perspective because it can appear very much like fusion-fission. Individual fission events resulting from quasifission can be indistinguishable in all characteristics from their fusion-fission counterparts. But in the case of quasifission, the elongated projectile-target system never reaches the equilibrium shape required in fusion-fission. Instead, the colliding nuclei stick together long enough for the masses of the projectile-and target-like components to evolve towards symmetry before coming apart again. Within the distributions of fission fragment characteristics, then, some signatures of this dynamic collision process should remain.
In this work, different signatures of quasifission will be presented for a range of reactions leading to isotopes of curium. In studying these reactions, the relationship between different signatures of quasifission will be explored. By seeking out when and how quasifission signatures appear, and exploring what these signatures mean in terms of the physics driving quasifission outcomes, we aim to better understand precisely where the limitations in our understanding of quasifission lie. In the process, we provide a range of experimental results that can be used to benchmark current theory and trigger new developments in dynamical reaction models.
II. EXPERIMENTAL SIGNATURES OF QUASIFISSION
Evidence of quasifission can be found in a variety of observables, including angular distributions, mass distributions, and mass-angle distributions. The relationship between each of these observables and quasifission will be discussed briefly here, in order to provide context for this exploration of quasifission in reactions leading to curium.
A. Mass distributions
Mass distributions of two-body fission fragments were the first observable associated with a nonequilibrium fission process [14] . In particular, the width of the mass distribution can be used as a tool for identifying the presence of quasifission [15, 16] .
In simple models of fusion-fission, all degrees of freedom (including mass) are assumed to achieve equilibrium statistical values, which are typically associated with the fission saddle point. For mass distributions peaked at symmetry, the variance of the mass distribution for such systems is expected to behave as follows:
where T is the temperature of the compound nucleus at the saddle point, L 2 ≡ 2 h 2 is the mean-squared angular momentum, and μ, ν are parameters [14, [17] [18] [19] . The widths of such mass distributions are typically narrow, although precisely what "narrow" means is poorly defined in the literature. For now, only a comparative definition can be made: for reactions leading to a given compound nucleus, equivalent reactions dominated by quasifission may exhibit wider mass distributions than those dominated by fusionfission [8, 15, 20, 21] . A model capable of accurately predicting both the fusion-fission and quasifission mass distributions is an important goal for the field.
Several mechanisms are responsible for the increased width observed in quasifission reactions. The first mechanism is directly related to how long the projectile-target system sticks together before coming apart again. This "sticking time" has consequences for the amount of mass equilibration between the projectile-and target-like nuclei as well as the kinematics of the observed fission fragments. These consequences, which result in a nonisotropic distribution of fragment mass as a function of reaction angle, will be discussed in Sec. (II C) below. Sticking time may also have additional effects on mass distributions as a result of the relationship between the variance of the mass distribution and temperature given in Eq. (1). For fast nonequilibrium fission processes, the system has less time to cool itself via particle evaporation; a higher temperature and, consequently, a wider mass distribution can result. The second mechanism is related to the diverse paths nonequilibrium projectile-target systems can take to scission. The broad definition of quasifission taken in this work (a definition chosen to be consistent with what we are able to measure experimentally) means that many different nonequilibrium processes can contribute to the observed mass distribution. Some collisions may be equilibrated in all but elongation [22] ; at the other extreme, others may not even have overcome the saddle point on their path to scission.
B. Angular distributions and anisotropies
Angular distributions of fission fragments, or W (θ ) ≡ dσ (θ )/d , with θ being the angle relative to the beam axis, have long been used to identify the presence of quasifission [23] [24] [25] in heavy-ion reactions. In particular, angular anisotropies, given by A ≡ W (0
, are a key signature in identifying the presence of quasifission. To understand how anisotropies can be used to identify quasifission, a brief review of how anisotropies behave in the standard transition-state model (TSM) [26, 27] is required.
In the TSM, fission is taken to occur in the direction of the nuclear symmetry axis at the fission saddle point. An approximate expression for the calculated anisotropy is given by [26] 
where L 2 is the mean squared angular momentum, T is the temperature, and J eff is the effective moment of inertia of the nucleus at the saddle-point deformation. Reasonable agreement between expectations based on the TSM and experiments has been found in reactions where quasifission is not expected, such as 16 O + 208 Pb [27] . In cases where experimentally observed anisotropies are significantly larger than the TSM predictions, quasifission (or, to use another nomenclature, nonequilibrium fission) has been attributed as the cause [23] [24] [25] . However, no dynamic models of angular distributions are in common use, making quantitative interpretations of these large anisotropies challenging.
C. Mass-angle distributions
The most direct evidence of the existence of quasifission can be found in the mass-angle distributions (MADs), which are the distribution of fission-fragment yield as a function of mass or mass ratio and center-of-mass angle θ c.m. . The anisotropies and mass ratios discussed above are subsets of MADs, as mass ratios are simply a MAD projected over all angles, and anisotropies are extracted from angular distributions, which are proportional to the projection onto θ c.m. of MADs for all masses.
Evidence of quasifission appears in the form of a correlation between the mass ratio distribution and θ c.m. . This correlation is directly related to the amount of time the projectile-and 034611-2 target-like nuclei remain in contact before coming apart; thus, the MAD provides direct information on the timescale of quasifission [8] .
The presence of a mass-angle correlation can be understood if one considers the consequences that a relatively short period of contact, or sticking time, between the projectile-and targetlike nuclei will have. The sticking time for a given reaction is approximately given by
where ω is the average angular velocity during the collision and θ is the angle of rotation of the system during the reaction. From Tōke et al. [8] , the mass drift between the two systems is thought to begin approximately 2 × 10 −21 seconds after the reaction begins, and then proceed asymptotically towards symmetry (M R = 0.5) with a mass-equilibration time constant of ∼5.2 × 10 −21 seconds. As illustrated in Ref. [9] , these simple ingredients, assuming a parabolic potential, a constant moment of inertia, angular momentum distributions for capture, and classical Coulomb trajectories for incoming and outgoing nuclei, provide a means of simulating the effect different sticking times have on mass-angle correlations.
The picture presented by Tōke et al. [8] and expanded to calculate MADs by du Rietz et al. [9] has not been tested for a wide range of reactions. However, the interpretation suggests two things: (1) fission fragments approaching the equilibrium M R of 0.5 are most likely to be formed in reactions with longer sticking times, and (2) if the two systems undergo less than half a rotation before scission, the average angle between the projectile-and target-like fragments will bear some trace of the projectile's incoming trajectory. As a result, one can use a simple mass-transfer model and basic kinematics to extract information about the timescale of quasifission reactions for which a mass-angle correlation is observed.
Since fusion-fission cannot give rise to a mass-angle correlation, the observation of such a correlation provides direct evidence of quasifission. As such, MADs provide striking evidence for the presence of quasifission and, with their direct dependence on sticking times, also provide invaluable insight into the timescale and detailed dynamics of quasifission.
D. Additional signatures
There are a wide range of additional techniques used to study quasifission. The clearest additional observable relating to quasifission is the measurement of evaporation residue (ER) yields; evidence of fusion suppression in heavy systems has been attributed to quasifission [13] . However, in many of these heavy-ion reactions, the ER cross sections are very small, making this a particularly challenging choice for studies of fusion hindrance caused by competition from quasifission.
Other methods used to study quasifission include the observations of prescission neutron multiplicities [28] [29] [30] , crystal blocking [31] [32] [33] , and x-ray measurements [34] . Prescission neutrons have been used as a "neutron clock" to study quasifission, but all this work, to date, has resulted in conflicting conclusions [28] [29] [30] 35] . Crystal blocking measurements, also sensitive to the timescale of a fission process, yield timescales for fission reactions that are much longer than those predicted for the same reactions using MADs [35] . X-ray measurements, which are just beginning to be used to study compound-nucleus formation in reactions with a high fission probability, have only been carried out for a small selection of reactions [34] . In all these signatures, interpretations of quasifission properties are challenging at best and contradictory at worst, providing further incentive to explore quasifission in a wide range of systems using all available means.
This work uses some of the most accessible observablesmass ratios, MADs, and anisotropies-to explore what observed fission fragments can tell us about quasifission. If one signature of quasifission is observed, does this mean all observables will exhibit some sign of this nonequilibrium process? If not, then what are the relationships between these signatures, and how can we use them to get a more detailed picture of how quasifission evolves as a function of entrance channel parameters?
III. EXPERIMENTAL METHODS
In order to study how quasifission signatures evolve as a function of entrance-channel parameters for reactions leading to curium, a series of experiments were performed at the Heavy Ion Accelerator Facility at the Australian National University (ANU). All studied reactions are listed in Table I , along with beam energies, target properties, etc. In all cases, the 14UD tandem accelerator was used to produce a pulsed beam of projectiles (pulse width ∼1 ns, pulse separation ∼106 ns). In the case of the heaviest projectile, the ANU superconducting linear accelerator was used to boost the beam energy to energies above the Coulomb barrier.
Fission fragments resulting from each reaction were observed using the ANU CUBE detector system [36] , which consists of two large-area position-sensitive Multiwire Proportional Counters (MWPCs). Two Si monitor detectors at forward angles, located symmetrically about the beam axis, are used for absolute cross section normalization. Two different CUBE configurations were used for most of the selected reactions. As shown in Fig. 1(a) , the θ = 135
• configuration was used for angular distribution (anisotropy) measurements in order to ensure coverage towards 180
• . In all but the case of the lightest projectile, a θ = 90
• configuration as shown in Fig. 1 Kinematic reconstruction of all events was based on twobody kinematics using the methods outlined in Refs. [15, 36] . From position and timing information, as well as the known geometry of the setup, fission-fragment velocities and centerof-mass angles were reconstructed. Mass ratios, given by
were also determined. The total parallel and perpendicular velocities of each coincident pair of fission fragments were also calculated and compared to prediction for two-body full momentum transfer (FMT) fission, as explained in Ref. [37] .
034611-3 Events consistent with FMT fission were selected based on this parallel and perpendicular velocity reconstruction. Further gate selections based on M R and total kinetic energy (TKE) could also be made in order to isolate fission or elastic scattering events, as required. Absolute cross sections and angular distributions were also determined following a similar kinematic analysis by comparing to a calibration run taken with the same CUBE configuration using a low-energy reaction in which only elastic scattering is possible [27] . Anisotropies were determined from a fit of the observed angular distributions using FIFRANG, an in-house fission fragment angular distribution fitting code [38] .
IV. THEORETICAL METHODS
Before presenting the experimental results, a discussion of the theoretical methods used to interpret these results is • , which provides better angular coverage for anisotropy measurements and reactions using light projectiles, and (b) θ = 90
• , which is preferred for mass-angle distribution measurements and reactions with heavier projectiles. The angular coverages (mirrored across both θ c.m. = 90
• and M R = 0.5) for the θ = 135
• and θ = 90
• configurations, respectively, are illustrated using mass-angle distributions in panels (c) and (d).
required. Because quasifission distributions overlap with those from fusion-fission, arguments supporting the presence of quasifission are typically based on comparison to standard fusion-fission models, such as the TSM.
The TSM calculations, in turn, require inputs such as the distributions following fusion. The distributions following fusion-fission can be obtained from a coupled-channels fusion model as described in the next section.
A. Coupled-channels model
For the anisotropy calculations presented in this work, partial wave distributions ( distributions) were calculated for all reactions using either CCFULL [39, 40] or CCDEGEN, a variant of CCFULL for rotational target nuclei.
Finding a consistent way to carry out these coupledchannels calculations for the wide range of reactions presented here was a challenge. Many different projectile and target structures were chosen for this work, and experimental barrier distribution data-which are helpful for determining the average barrier and identifying the nature of the couplings involved-were not available in most cases. In order to reduce the parameter space of the model and provide a systematic approach to calculations for all reactions studied in this work, the incoming wave boundary condition (IWBC) was used. The methods we used to select both the Woods-Saxon potential and nuclear structure parameters are described here.
Nuclear potential parameters
In CCFULL and CCDGEN, a Woods-Saxon (WS) form of the nuclear potential is used:
where V 0 is the depth of the potential in MeV, a is its diffuseness in units of femtometers, and R 0 = r 0 (A
. A p and A t refer to the projectile and target masses, respectively, while r 0 is a parameter in units of femtometers.
The parameters of this potential, V 0 , a, and r 0 , all have a significant and somewhat interdependent influence on the calculation outcome, particularly for above-barrier energies. Because of this, they must be chosen rather carefully, and the calculation output must be checked for evidence of nonphysical behavior. In particular, a decrease in the above-barrier cross section as a function of energy is a sign that the potential pocket is not sufficiently deep. Rapid, oscillating changes in the calculated barrier distribution at high energies are a sign that reflections out of the potential pocket are occurring. In either scenario, all calculation outputs-including the distributions of interest-bear signs of the model's failure in the higher-energy results.
To add to the complexity of these calculations, it is well known that diffuseness parameters a required to reproduce fusion cross-section data can vary considerably, depending on the reaction in question [43] . Although a value of a ∼ 0.65 is required to reproduce elastic and quasielastic scattering data [44] [45] [46] 
For all calculations, a simple approach to selecting model parameters was used. For each diffuseness parameter, r 0 was considered fixed, and V 0 was adjusted until the Swiatecki [42] or, for lighter projectile nuclei, Sao Paulo [41] barrier energy (V B ) was reproduced for the uncoupled (structure-free) calculation. Nuclear structure coupling (discussed below) was then added in, and V 0 was once again adjusted to reproduce the average barrier energy. The final V 0 values used in the calculations that included coupling are given in Table II. All WS parameter choices used in this work are provided in Table II . From this table, one can see that a careful balance was required to ensure physically realistic calculations when using the incoming wave boundary condition. While every attempt was made to fix r 0 to the same value for all calculations, it quickly became clear that this was not possible for the wide range of reactions of interest. As the diffuseness parameter was increased, smaller r 0 values were required, especially for the case of lighter projectiles. In the case of 12 C + 232 Th, no satisfactory r 0 value could be found for a = 1.2 fm that did not exhibit signs of reflected flux from the potential. As a result, the maximum diffuseness that could be used in this case was a = 1.08 fm.
Nuclear structure parameters
While the Woods-Saxon potential parameters play a strong role in the overall evolution of the calculated fusion cross sections as a function of energy, the nuclear structure of the target and projectile nuclei play a more subtle role in shaping cross sections at and below the barrier, as well as distributions above the barrier. In CCFULL, the collective structure of these nuclei is included in order to take this subtle influence into account.
Because experimental barrier distributions were not available for all reactions, a rigorous coupled-channels calculation was not carried out. However, in this work, we have found that nuclear structure parameters, while important for completely accurate distributions, generally have a small effect on the final TSM fission anisotropies. With this in mind, the procedure used for selecting which structural parameters to include was guided by past experience and available data. This procedure is outlined below.
For target nuclei, the type of phonon model (vibrational, rotational, anharmonic vibrational) used in the calculation was selected based on the experimental R 4/2 ≡ E(4
value. In collective nuclei, R 4/2 ∼ 2 corresponds to a vibrator, R 4/2 ∼ 3.33 to a rigid rotor, and R 4/2 ∼ 2.5 to an anharmonic vibrator [47] . Nuclei with values in between these limits were assigned a structure based on the closest R 4/2 value and an assessment of the known level scheme [48] . Projectile nuclei can only be treated as vibrational or rotational within the model. With the exception of 12 C, all had R 4/2 values and level schemes that were best represented as vibrational. Because 12 C has very high-lying collective excited states, it was treated as inert in the calculations [49] , meaning that no structural information for this projectile was taken into account.
For target nuclei, both quadrupole and octupole phonon excitations were included to at least the two-phonon level, depending on the excitation energies of the low-lying collective nuclear states. Hexadecapole deformations (all small) were also included where possible. Only the first phonon excitation was included for projectile nuclei, where appropriate. Phonon excitation energies and deformation parameters (β 2,3,4 ) were obtained from Refs. [50, 51] or were calculated from measured
In Fig. 2(a) , cross sections from a sample CCFULL calculation including nuclear structure parameters is compared to 30 Si + 206 Pb. Calculations were performed using the code CCFULL following the procedure described and are remarkably close to observed values considering that no optimization of the Woods-Saxon potential parameters has been attempted. The evaporation-residue cross sections are expected to be negligible for this system; thus, σ cap ∼ σ fis . (b) Average angular momentum squared from CCFULL corresponding to the cross-section calculations shown in panel (a). As one can see, the diffuseness parameter a has a small effect on the average angular momentum squared. data for three different diffuseness parameters. 2 values from the same calculation are shown in Fig. 2(b) . As this example shows, the method outlined here provides reasonable agreement with data, even without detailed adjustments of potential parameters or nuclear structure inputs. Similar results were obtained for all other comparisons between calculation and data, where such comparisons were possible.
B. Transition-state model
The TSM used in this work is described in Ref. [27] , and the angular anisotropy calculations were based on the code JOANNE2 [52] . The approximate expression given in Eq. (2) was not used; instead, the angular distributions were calculated for each value and T using the angular distribution expressions provided in Ref. [53] . The saddle-point effective moment of inertia J eff is taken from Ref. [54] ; temperature T is calculated assuming a level density parameter A/8.5 MeV following Tōke [55] , where A refers to the atomic mass of the compound nucleus. The distributions were calculated using CCFULL, as discussed above. Anisotropies calculated for all fission events were then compared to the experimental results. This comparison will be discussed below.
V. RESULTS
For all reactions studied in this work, mass ratios and MADs were measured. For reactions in which no clear evidence of quasifission was found in these two observables, angular anisotropies were also measured.
A. Mass ratios
Mass ratios, as defined in Eq. (4) and reconstructed for all FMT events for each reaction, are shown in Fig. 3 (bottom row) for selected above-barrier measurements. To understand how mass ratios evolve in each of the selected reactions, a systematic study of the widths of the mass distributions was performed.
Because mass ratios may exhibit both symmetric and asymmetric components [56] , two different fits were performed. The first, a simple Gaussian fit including strength, width, and peak centroid as free parameters, assumes that the fission fragments split symmetrically (on average). The red functions plotted in Fig. 3 (bottom row) are representative of the results obtained from the first fit. As one can see, the width of the Gaussian increases with projectile charge (from left to right) until the mass ratio reaches a minimum at symmetry for the 64 Ni + 170 Er reaction. In order to investigate the possible presence of a massasymmetric fission component, the second fit consisted of two separate Gaussians of equal width and area, equidistant from the centroid of the Gaussian obtained from the first fit. The blue functions shown in Fig. 3 are representative of those obtained using this method; results are not shown in cases where the fit results were either identical to or did not converge to a single Gaussian. While the reactions in question may lead to both symmetric and asymmetric mass splits, requiring a third Gaussian for rigorous treatment, the relative heights and widths of the symmetric and asymmetric components are not constrained by current models. Therefore, this method is simply a tool for seeking out the potential presence of a mass-asymmetric fission mode, which is generally associated with shell effects on the potential-energy surface, and is therefore indicative of slow compound-nucleus fission after neutron emission.
Single-Gaussian fit
The mass distributions are characterized by the standard deviations of the single-Gaussian fit to the M R spectra. These values are shown as a function of excitation energy E * in Fig. 4 and are tabulated in Table III barrier, so this value is our best experimental measure of how mass ratios should behave for fusion-fission events. Any increase in the width of the mass ratio beyond this reference may then be used as evidence that other reaction mechanisms are playing a role.
As Fig. 4(a) 2 values for the energy range of interest, it is reasonable to attribute this large increase in σ MR relative to σ MR (ff) to quasifission. In the case of 64 Ni + 170 Er, the mass distribution does not even show a peak at symmetry. For the heaviest two projectiles, mass ratios are already a dramatic sign that quasifission is the dominant reaction outcome. The reason the mass ratios for reactions using the heaviest two projectiles deviate so much from the relatively narrow and smooth evolution of σ MR observed otherwise will be discussed in section B below.
Double-Gaussian fit
As one can see in Fig. 3 (bottom row) , the double-Gaussian fit is only required to fit the M R spectra for reactions with the lightest two projectiles. The fit parameters for all relevant reactions are given in Table IV 2 values calculated using CCFULL and CCDEGEN for a diffuseness parameter of a = 0.65. The color scheme is consistent with that used for the data in the top figure. double-Gaussian fit is best for all energies, with the asymmetric peaks growing wider as a function of excitation energy. For 30 Si + 208 Pb, the same behavior is observed. For 32 S + 202 Hg, the double-Gaussian fit was indistinguishable from the singleGaussian fit for the lower energies, while for the two higher energies, the double-Gaussian fit would not converge. As such, no fit results for the 32 S + 202 Hg reaction have been included in Table IV .
B. Mass-angle distributions
A selection of MADs resulting from this series of experiments is shown in Fig. 3 (top row) . All of the MADs in Fig. 3 are for above-barrier energies; all are representative of the MADs observed for below and above-barrier energies for each reaction.
As one can see from Fig. 3 (top row), the reactions with the lightest three projectiles ( 12 C, 30 Si, and 32 S) show no evidence of a mass-angle correlation in their MAD plots. In contrast, reactions with the two heaviest projectiles ( 48 Ti and 64 Ni) show a significant mass-angle correlation. This mass-angle TABLE IV. Mass-ratio widths obtained from double-Gaussian fits, where applicable, as discussed in the text. In this case, σ MR refers to the width of either peak (peak widths and areas are set to be equal in the fit), and d MR refers to the separation between the two peaks. 12 (2) correlation demonstrates that the short reaction timescale is the primary cause of the significant change in mass ratios for reactions with the heaviest two projectiles, as presented above.
Without the CUBE detector's large solid angle coverage, both the mass ratios (projected over all θ ) and the MADs would provide a less compelling case for the presence of quasifission in any of these reactions. For the reactions using the heaviest two projectiles, the MAD plots are enough to confirm that the reactions are dominated by fast quasifission occurring on average in less than a single rotation time.
C. Angular anisotropies
There exists no mechanism in the TSM to account for the presence of a mass-angle correlation, meaning that the TSM will certainly no longer be applicable once such a correlation is observed. This is not to say that angular anisotropies do not carry useful information on quasifission. At sufficiently small center-of-mass angles, the angular distribution is sensitive to the mean square of the angular projection K onto the fission axis [58] and, therefore, can provide a direct measure of the dynamical evolution of the tilting mode in quasifission [59] . However, such measurements are beyond the scope of this work. Thus, anisotropies were only extracted from current datasets or obtained from previous measurements [37, 53, 57] for the three reactions without a mass-angle correlation in their MADs.
For experiments conducted at the ANU, angular anisotropies were taken from measurements in which CUBE was in the θ = 135
• configuration illustrated in Fig. 1(a) . These resulting anisotropies are shown in Fig. 5 , along with anisotropies from the TSM model calculations discussed above. In all three reactions, TSM calculations and observations of angular anisotropies for reactions using 12 C, 28, 30 Si, and 32 S projectiles do not agree, indicating the presence of quasifission.
Results obtained using all three diffuseness parameters have been included to show that even significant changes in the parameters used for these calculations cannot yield agreement between the TSM and observation, indicating strongly that the fusion-fission picture is not adequate for these reactions. Th are from Ref. [37] ; data presented for 28 Si + 208 Pb have been taken from Refs. [53, 57] . All other data are from this work. The TSM calculation results (presented as solid lines) are shown for calculations using three different diffuseness parameters, as discussed in Sec. IV. For the middle panel, TSM calculations are for 30 Si + 206 Pb, using the same color scheme for the diffuseness parameters as shown in the legend for the panel to the right. In all three cases, the TSM is inconsistent with experiment.
Specific trends in the anisotropies for each of the three reactions will be discussed below.
VI. DISCUSSION
As the results above illustrate, all five reactions presented in this work indicated evidence of quasifission in at least one of the fission fragment observables. Table V provides a summary of which signatures(s) exhibited signs of quasifission for each reaction.
The clearest and most model-independent indication of the presence of quasifission was found in the MADs, where quasifission occurring on short time scales (less than one rotation after capture) can be inferred from the presence of a correlation between mass ratio and θ c.m. . Such a clear correlation can only be observed if quasifission is a highly probable reaction outcome. Using a simple model [8] and the methods described in Ref. [9] , time scales for the 48 Ti + 186 W and 64 Ni + 170 Er reactions may be extracted. As with the very similar reactions presented in Ref. [9] , timescales to scission for reactions with 48 Ti were longer (∼10 × 10 −21 s) than those for reactions with 64 Ni (∼5 × 10 −21 s). In the event that a mass-angle correlation is not observed, additional observations are required to rule out the presence of quasifission. This was made clear in our results for the three reactions that did not exhibit a mass-angle correlation. In these cases, angular anisotropies provided the clearest confirmation that quasifission is an important reaction outcome. As discussed below, the anisotropies for each reaction, which include components from both fusion-fission and quasifission, reveal that entrance channel parameters-in particular, nuclear structure-play a far more complicated role in quasifission outcomes than was once expected.
In all three of the reactions with lighter projectiles, the structure of the target nucleus is different. 232 Th is rotational, 208 Pb is doubly magic (and best described as spherical), and 202 Hg is an axially asymmetric rotor. In all three cases, the anisotropies evolve very differently as a function of projectile energy.
Beginning with 12 C + 232 Th, the structural effect first explained by Hinde et al. [24, 36] is observed in the large anisotropies below the barrier. As shown in Fig. 5(a) , the anisotropies then begin to approach the TSM results above the barrier. The increased anisotropy below the barrier results from the reduction in the effective barrier for collisions in which the projectile is aligned with the long axis of the rotational target nucleus. Due to this alignment, the projectile-target system is elongated, making compound-nucleus formation less likely. As the projectile energy increases and other (more compact) projectile-target alignments also contribute to capture, the fraction of fusion-fission becomes larger and angular anisotropies become closer to TSM predictions; at
In 28, 30 Si + 206,208 Pb, as shown in Fig. 5(b) , anisotropies evolve smoothly and steadily as a function of projectile energy and are always above the TSM predictions; at E c.m. /V B ∼ 1.06, for example, A ratio ∼ 1.7. Because these collisions are between a massive spherical nucleus and a nucleus that essentially behaves like a vibrator in the reaction, all configurations are expected to have roughly the same compactness for all energies [57] . Therefore, the smooth evolution of the anisotropies in this case indicates that quasifission contributes for all energies where capture is possible. Interestingly, though, deviations between the TSM and measurement grow as a function of projectile energy. This suggests that the probability of quasifission may in fact be enhanced for the higher angular momenta, which are only populated at the higher bombarding energies.
For the last reaction, 32 S + 202 Hg, the data shown in Fig. 5 is currently insufficient to draw firm conclusions beyond the clear disagreement between TSM calculations and observation; at E c.m. /V B ∼ 1.06, A ratio ∼ 2.6. It is nevertheless interesting that the measured anisotropies do not change significantly as a function of energy and in fact are at a maximum below the barrier. Looking at more complete anisotropy measurements for a reaction with somewhat similar projectile-target combinations, Fig. 3 in Ref. [60] presents a similarly flat trend for 34 S + 168 Er. It is possible that this flattening may be due to a small decrease 034611-9 in quasifission probability as compact collisions become more favorable; however, more data is necessary before any detailed conclusion can be made. Because fusion-fission and quasifission are probably both significant outcomes for each of these reactions, the anisotropies are shaped by the balance between these two processes as a function of projectile energy. While simple arguments of how this balance might evolve as a function of energy can be made, it is clear that the confirmation of these interpretations will continue to be difficult until a dynamical model capable of reproducing these dynamics is created.
VII. CONCLUSIONS
We cannot separate out fusion-fission and quasifission event by event, nor can we quantitatively determine how much of each process contributes to the reaction outcomes presented here. What we can say is this: even for reactions with the lightest projectile, quasifission is clearly an important reaction outcome.
Several different signatures of quasifission have been studied for a range of reactions leading to similar or identical isotopes of curium. Despite the extreme range of projectiletarget choices presented here, evidence of quasifission has been found in one or more easily detectable observables, all of which will provide useful new benchmarks for future dynamical models. The only piece of the picture still missing in this work are evaporation-residue (ER) cross sections. But like many reactions leading to nuclei in this mass region, ER measurements for 30 Si + 208 Pb have already been shown to present a particular experimental challenge [61] , which suggests that measurements for the other reactions discussed here would be similarly difficult.
More generally, this work has shown that the observable offering the clearest evidence for quasifission differs depending on the reaction timescale. For reactions without evidence for fast quasifission in the MAD, or where quasifission is not the dominant outcome, a comparison between angular anisotropies and TSM calculations provide the clearest signature of quasifission. This was seen in data from the 12 We also see the deviations from the expectations for fusion-fission increasing with the mass of the projectile. For each of these reactions, mass ratios provided the only alternative signature. This signature, although consistent with the conclusions drawn from the angular anisotropy data, was weak. Knowledge of how the fusion-fission mass width depends on angular momentum is required before mass ratios can be used to confirm the presence of quasifission.
For reactions dominated by fast quasifission, mass ratios were a suitable and much clearer signature than for the slower reactions. However, MADs were a superior signature to study for such reactions for two reasons: first, the presence of a mass-angle correlation is a clear and nearly model-independent signature of quasifission and, second, information on the reaction timescale can be extracted from MADs as was discussed for the 48 Ti + 186 W and 64 Ni + 170 Er reactions. None of the signatures in question are currently capable of providing quantitative information on the fraction of quasifission events relative to fusion-fission events observed in a given reaction. Because quasifission and fusion-fission events cannot be separated using experimental methods, only a dynamical model of fission can provide this information.
Experimental MADs offer a motivation and testing ground for developing such a dynamical model of fusion and fission because of the reaction timescale information they provide. More importantly, MADs are a sensitive probe of the specific type of reactions currently used for superheavy-element formation and are thus a powerful tool for enhancing our ability to explore more exotic regions of the island of stability.
